؉ T-cell dynamics. Here we investigated, using SIVmac251-infected RMs of a Chinese genetic background (which experience a slower disease progression than Indian RMs), the dynamics of CD4 ؉ CCR5 ؉ T cells, as this subset of memory/activated CD4 ؉ T cells is both a preferential target of virus replication and a marker of immune activation. As expected, we observed that the number of circulating CD4 ؉ CCR5 ؉ T cells decreases transiently at the time of peak viremia. However, at 60 days postinfection, i.e., when set-point viremia is established, the level of CD4 ؉ CCR5 ؉ T cells was increased compared to the baseline level. Interestingly, this increase correlated with faster disease progression, higher plasma viremia, and early loss of CD4 ؉ T-cell function, as measured by CD4 ؉ T-cell count, the fraction of memory CD4 ؉
Despite many years of intense study, the mechanisms of AIDS pathogenesis remain poorly understood. In particular, it is still unclear how the direct effect of virus replication, as opposed to the indirect effects of the host immune response (i.e., chronic immune activation), differentially contribute to determine the chronic and progressive loss of CD4 ϩ T cells that is the best predictor of disease progression in human immunodeficiency virus (HIV)-infected individuals (5, 12) .
The use of nonhuman primate models, particularly simian immunodeficiency virus (SIV)-infected Asian rhesus macaques (RMs), has allowed for the detailed and sequential investigation of the early events of SIV infection in terms of virus dynamics, immune responses to SIV, and changes in the pool of CD4 ϩ T cells, particularly those expressing the main virus coreceptor, CCR5 (19, 23, 24, 27, 29, 36, 38, 47, (51) (52) (53) 55) . These studies have evidenced that the primary acute phase of HIV and SIV infections is characterized by an early burst of virus replication that is reflected in an exponential increase in plasma viral load, lasting approximately 10 days and resulting in the dissemination and seeding of the virus in all peripheral lymphoid organs as well as mucosa-associated lymphoid tissues (3, 13, 18, 41, 46) . The level of virus replication starts to decline soon after the initial peak and then reaches a plateau (setpoint phase) that remains relatively constant for a long period of time, particularly in HIV-infected humans for whom the chronic phase of infection lasts for many years (21) . The postpeak decline of virus replication likely is related to (i) the induction of the host immune response against the virus and (ii) the exhaustion of the pool of activated, CCR5-expressing CD4 ϩ T cells that represents the optimal substrate for virus replication (23, 24, 36) . Experiments aimed at identifying the relative contribution of these two mechanisms are complicated by the fact that the induction of T-cell responses to HIV/SIV results in the generation of more target cells for virus replication (as HIV and SIV preferentially replicate in activated CD4 ϩ T cells [8] ) and by the rapid development of viral escape from the host immune response (54) .
The acute phase of HIV/SIV infection is characterized by a severe loss of CD4 ϩ CCR5 ϩ T cells, particularly in mucosal tissues (23, 51, 52) ; however, the meaning of this early depletion of mucosal CD4 ϩ T cells still is unclear, as the same phenomenon has been observed during the acute stage of nonpathogenic SIV infections of sooty mangabeys (48) and African green monkeys (11, 33) . Once the set-point phase is reached, the level of viral load predicts the rate of progression to AIDS (19, 21, 25, 27, 47, 55) . The progressive decline of immune function is consistently associated with the loss of HIV/SIV-specific immune responses (4, 17) , with HIV-infected nonprogressors being characterized by low viral load, preservation of the CD4 ϩ T-cell pool, and broad T-cell responses to HIV (31, 34, 42, 43) .
While SIVmac infection of RMs has proved an invaluable animal model for studies of AIDS pathogenesis, therapeutics, and vaccines, it is clear that substantial differences exist between the course of HIV infection in humans and that of SIV in RMs. Most notably, the average time to progress to AIDS is markedly shorter for SIVmac239-or SIVmac251-infected RMs than for untreated HIV-infected humans. For SIV-infected Indian RMs, the risk of progressing to AIDS is associated with a rapid and sustained depletion of circulating and mucosal CD4 ϩ CCR5 ϩ memory T cells (24) . This observation represents a somewhat striking difference from HIV infection, as several studies reported that, in HIV-infected individuals, the proportion of CD4 ϩ T cells expressing CCR5 greatly increases following HIV infection (7, 30) , and that this increase in CD4 ϩ
CCR5
ϩ T cells is a marker of disease progression (39) . Collectively, these findings raise the concern that, beyond a series of obvious similarities, the SIVmac-infected RM model does not reproduce correctly the pathogenic events occurring during HIV infection, particularly with respect to the dynamics of the CD4 ϩ CCR5 ϩ T-cell subset. To this end, it should be noted that the two main driving forces behind the dynamics of CD4 ϩ
ϩ T cells during SIV infection are the direct virus infection (which tends to reduce the number of these cells) (23, 36, 51) and the immune activation that promotes the expression of CCR5 (and thus increases the number of CCR5 ϩ T cells) (22, 29) . As such, the differences in CD4 ϩ CCR5 ϩ T-cell dynamics observed between humans and RMs may reflect a different contribution of the two above-described mechanisms by which a retroviral infection affects this cellular subset.
We recently demonstrated that in SIV-infected Chinese RMs, for which the course of infection is slower than that of SIV-infected Indian RMs (thus making them more similar to HIV-infected individuals) (20, 37) , the levels of immune activation and apoptosis are positively correlated with the rate of progression to AIDS (29, 53 ). In the current work, we tested the hypothesis that the dynamics of CCR5-expressing CD4 ϩ T cells in SIV-infected Chinese RMs might be substantially different from those reported for SIV-infected RMs of an Indian genetic background (23, 24, 36, 51, 52) . Based on a detailed study of the main virologic and immunologic parameters during primary SIVmac251 infection of a group of 10 Chinese RMs (divided into two groups: slow progressors [SPs] and normal progressors [NPs]), we determined that the dynamics of CD4 ϩ CCR5 ϩ T cells in SIV-infected Chinese RMs are more similar to those in HIV-infected humans. As such, we propose that SIV infection of Chinese RMs is an extremely useful and particularly relevant model to study AIDS pathogenesis and vaccines.
MATERIALS AND METHODS
Animals and virus infection. RMs (Macaca mulatta) of Chinese origin were confirmed prior to infection as seronegative for simian T leukemia virus type-1, simian retrovirus type 1 (type D retrovirus), herpes B viruses, and SIVmac. All animals were housed in compliance with French regulations for animal care and usage (http://www.pasteur.fr/recherche/unites/animalerie /fichiers/Decret2001-486.pdf) and were inoculated intravenously with the pathogenic SIVmac251 strain (10 50% animal infectious doses). Animals were 8.50 Ϯ 0.97 years old and had an initial CD4 ϩ T-cell count in blood of 875 Ϯ 518/mm 3 . While RMs of Indian origin often express the Manu-A*01 major histocompatibility complex class I allele that is associated with a better prognosis of SIV infection, this allele is not frequent in RMs of Chinese origin (1 out of 20 express this allele). Chinese RM genotyping is not readily available. The pathogenic SIVmac251 isolate initially was provided by R. Desrosiers and was titrated in Chinese rhesus macaques by intravenous inoculation. A 1-ml volume of stock virus contained 4 ϫ 10 4 50% animal infectious doses (27) .
Determination of viral load and quantitative assessment of productively infected cells. RNA was extracted from the serum of SIV-infected macaques by using the Trireagent BD kit (Molecular Research Center Inc., Cincinnati, OH). Real-time quantitative reverse transcriptase-PCR was used to determine serum viral loads as previously described (28) . We also quantified productively infected cells in lymph nodes by in situ hybridization using a 35 S-labeled RNA probe derived from pBluescript carrying the SIVmac nef gene. The number of lymphnode-positive cells (spots), counted in the paracortical zone, is divided by the surface area of the entire lymph node section. Results then were expressed as the number of positive cells/2-mm 2 section, as previously described (27) . The mean count obtained for three slides is indicated.
Measurement of the frequency of SIV DNA ؉ in CD4 ؉ T cells. The frequency of SIV-infected cells was determined as previously reported (27) by limitingdilution PCR of lymph-node-derived CD4 ϩ T cells purified by sorting (FACS vantage; Becton Dickinson) from mononuclear cells with the positive selection of cells stained with a CD4-specific monoclonal antibody (MAb) (OKT4; Ortho Diagnostic). In selected experiments, cells also were costained for Ki67 or CCR5. Purified T cells were counted and diluted in series with a constant number of CEMx174 cells as the carrier. Cells were directly lysed with TPK buffer (10 mM Tris-HCl [pH 8.3], 50 mM KCl, 2.5 mM MgCl 2 , 0.5% Nonidet P-40, 0.5% Tween 20, 100 g/ml of proteinase K). After incubation for 1 h at 56°C, proteinase K was inactivated at 95°C for 10 min. We subjected 20 limiting-dilution replicates to a nested PCR. SIV proviral DNA was amplified by nested PCR with SIVmac251-specific primers surrounding the nef region. After 35 cycles (95°C for 30 s, 60°C for 30 s, and 72°C for 1 min) with the first set of primers, Preco (5Ј-CAG AGG CTC TCT GCG ACC CTA C) and K3 (5Ј-GAC TGA ATA CAG AGC GAA ATG C), we amplified a fragment of 961 bp. We then reamplified 10 l of product (30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min) with primers K1 (5Ј-TGG AAG ATG GAT CCT CGC AAT CC) and A2 (5Ј-GGA CTA ATT TCC ATA GCC AGC CA). Nested PCR products were subjected to electrophoresis in a 1.8% agarose gel. The proportion of infected T cells in the purified T-cell preparation was determined from Poisson statistics. The limitingdilution PCR method was able to detect 1 infected cell in 10,000 uninfected cells (CEMx174), as demonstrated with SIV-1C cells (provided by F. Villinger) that contain a single SIVmac251 provirus per cell.
T-cell proliferation. Standard proliferation assays were performed with freshly prepared cells as previously described (27) . Peripheral blood mononuclear cells (PBMCs) were isolated from blood on a J-Prep density gradient (Techgen International, Voisins le Bretonneux, France) (1.077 g/ml). PBMCs (5 ϫ 10 5 cells/well) were cultured at 37°C in a humidified atmosphere containing 5% CO 2 . Cells were incubated in the presence of a reverse transcriptase inhibitor (dideoxyinosine; 1 M) for 6 days with a tuberculin antigen (purified protein derivative [PPD]; 30 g/ml). [
3 H]thymidine (1 Ci) was added for the last overnight culture. Experiments were performed in triplicate. Results are expressed as a stimulation index. A stimulation index of 3 or more was considered significant. Cells also were activated with concanavalin A (5 g/ml) and interleukin-2 (10 ng/ml).
Lymphocyte immunophenotyping by flow cytometry. T cells were stained with the following fluorochrome-labeled monoclonal antibodies: anti-rhesus monkey CD3 conjugated with peridinin-chlorophyll protein (clone FN18; Biosource International), anti-human CD4 conjugated with phycoerythrin (PE) or conjugated with allophycocyanin (APC) (clone M-T477; BD Biosciences), anti-human CD45RA Ϫ fluorescein isothiocyanate (FITC) (clone 2H4; Beckman Coulter), and CD62L-PE (clone SK11; BD Biosciences). Chemokine receptor expression was quantified using anti-human CXCR4-PE (clone 12G5; BD Biosciences) and anti-human CCR5-PE (clone 3A9; BD Biosciences) antibodies. Antibodies were added to 100 l of whole blood collected in EDTA or to 2 ϫ 10 5 lymph node cells. Cells were incubated for 15 min at room temperature. Erythrocytes were lysed with 2 ml of diluted IOTest 3 lysis solution (Beckman Coulter). The cells then were washed once in PBA buffer (phosphate-buffered saline [PBS]-1% bovine serum albumin-10 mM NaN 3 ) and resuspended in PBS containing 1% paraformaldehyde (PBS-PF) as previously described (28) .
For Ki67 staining, 100 l of whole blood collected in EDTA or 2 ϫ 10 5 lymph node cells was incubated with CD3-PE and CD4-APC (clone MT477; BD Biosciences) for 15 min at room temperature as previously described (28) . Erythrocytes then were lysed, fixed, and permeabilized with 2 ml of the Permeafix reagent (BD Biosciences) (20 min at room temperature). Cells were washed in PBA containing 0.05% saponin (PBA-Sap) and were incubated for 45 min with Ki67-FITC MAb (clone Ki67; DAKO). Cells were washed twice in PBA-Sap and resuspended in PBS-PF. An isotypic control was prepared in parallel for each sample, in which a mouse immunoglobulin G1-FITC antibody replaced Ki67-FITC and was used to set the gate for Ki67 ϩ staining. Immunohistochemical analyses. Organs were cut into 4-m sections on a cryostat, and the sections were stored at Ϫ80°C until use. Slides were immunostained using antibodies directed against CCR5 (BD Biosciences) and CD4 molecules (a mix of CD4 MAbs from BD Biosciences and Novocastra was used). For revelation, we used a kit from Vector Laboratories. The slides then were slightly counterstained with hematoxylin. These analyses were performed on four different slides, in a blind fashion, by two investigators.
Statistical analyses. The Mann-Whitney U and paired Student's t tests were used to determine whether differences in means were significant if P Ͻ 0.05. Spearman's rank correlation, implemented from Statistica software, was used to evaluate correlations. Best-fit lines are shown. We checked for correlations between the rate of viral replication and all parameters analyzed, before and during primary SIV infection.
RESULTS

Viral and CD4
؉ T-cell dynamics during primary SIVmac251 infection of Chinese RMs. Infection of 10 Chinese RMs with the pathogenic SIVmac251 strain resulted in peak viremia (mean, 1.3 ϫ 10 7 SIV RNA copies/ml; range, 2.6 ϫ 10 5 to 3.6 ϫ 10 7 ) by day 14 (Fig. 1A ). As expected, the early peak in viremia was followed by a decline that resulted in levels of set-point viremia with a high degree of variability between individual animals (Fig. 1A ). Based on their viral load levels at day 60, the 10 RMs of this cohort could be divided into a group of five animals with low virus replication (nos. 0191, 0300, 0341, 0312, and 94870; mean, 2.7 ϫ 10 3 SIV ϩ RNA copies/ml; range, 10 2 to 10 4 ) and a group of five with high virus replication (nos. 94746, 94852, 94856, R97087, and 94860; mean, 1.2 ϫ 10 5 SIV ϩ RNA copies/ml; range, 2 ϫ 10 4 to 3.4 ϫ 10 5 ). Similarly, at 6 months postinfection, viral loads remained less than 10 4 copies/ml in all RMs belonging to the first group but exceeded 10 4 copies/ml in all animals of the second group. By day 360 after infection, all five RMs with higher set-point viral loads had developed AIDS (Fig. 1B) , while all five animals with lower set-point viral loads remained asymptomatic throughout the study (two of these RMs were later sacrificed as controls, while the remaining three were still alive after 4 years of infection). Based on this pattern of virus replication and survival, we classified the 10 RMs in this study into five NPs and five SPs. As expected from the dynamics of virus replication and the time to develop AIDS, the NPs displayed a more rapid decrease in CD4 ϩ T-cell counts (53.2 Ϯ 21.8 CD4 ϩ T cells lost per month in NPs versus 14 Ϯ 16.3 per month in SPs) (Fig.  1C) . In all, these data confirm the well-known observation that the level of virus replication and rate of CD4 ϩ T-cell decline are strong predictors of disease progression during pathogenic SIV infection of Chinese RMs (27) (28) (29) 53) .
Early impairment of CD4 ؉ T-cell function in SIVmac251-infected Chinese RMs. It has been suggested that the early establishment of an effective CD4 ϩ T-cell-mediated immune response to HIV is a determinant in slower disease progression (31, 42, 43) . To better define the impact of SIVmac251 infection on the CD4 ϩ T-cell pool in our group of Chinese RMs, we assessed longitudinally the relative proportion of naïve (53) . It should be noted that the expression of the main SIV coreceptor, CCR5, is almost exclusively restricted to non-naïve CD4 ϩ T cells (23, 24, 36, 52) .
As shown in Fig. 2A , we observed that both the proportion and the absolute number of circulating naïve CD4 ϩ T cells were higher for NPs than for SPs during the first 60 days of infection. In contrast, the relative proportion of central memory CD4 ϩ T cells was similar for SPs and NPs, with a significant decline in both groups between days 0 and 7 (P ϭ 0.02). Interestingly, the proportion of central memory CD4
ϩ T cells stabilizes between days 7 and 60 for both SPs and NPs. In terms of absolute numbers, a more pronounced decline in the number of central memory CD4 Most importantly, our analysis of the dynamics of the main CD4 ϩ T-cell subsets demonstrated a dramatic difference between NPs and SPs in the SIV-induced changes in both the proportion and absolute number of effector memory (CDR45RA Ϫ CD62L Ϫ ) CD4 ϩ T cells. Perhaps the most remarkable finding was the difference between the absolute number of effector memory CD4 ϩ T cells in NPs and that in SPs at day 60 after infection (67 Ϯ 12 and 339 Ϯ 120, respectively; P ϭ 0.03). Finally, we found only relatively minor changes in the proportion and absolute number of terminally differentiated (CD45RA ϩ CD62L) CD4 ϩ T cells, both in terms of change from baseline and differences between SPs and NPs ( Fig. 2A) . Taken together, these data confirm the previously described phenomenon (36) that the loss of effector memory 
Ϫ , and CD45RA ϩ CD62L Ϫ T cells are shown. (B) Impaired T-cell proliferation against PPD during primary SIV infection. The proliferation of T cells specific for tuberculin (PPD; 30 g/ml) was assessed from blood of SPs (f) and NPs (Ⅺ) before and during infection. Thymidine incorporation was determined on day 6, and results are expressed as a stimulation index (SI). Statistical significance was assessed using paired and unpaired Student's t tests. P.I, postinfection.
CD4
ϩ T cells is a strong predictor of disease protection during SIV infection of RMs.
To further characterize the defect in memory CD4 ϩ T-cell function induced by SIVmac251 in Chinese RMs, we next assessed the immunological response to recall antigens by measuring the tuberculin-specific in vitro T-cell proliferation (all animals were immunized with bacillus Calmette-Guerin 4 months before infection). As shown in Fig. 2B , we found that the lymphoproliferative response to PPD was markedly decreased within 14 days of infection (and remained low up to day 60) in the NPs, with only relatively minor changes observed in the SPs. These findings support the notion that memory CD4 ϩ T-cell function is affected early after SIV infection and particularly in those RMs (i.e., the NPs) that will experience higher viral loads and faster disease progression.
Faster disease progression in SIVmac251-infected Chinese RMs is associated with a relative expansion of circulating CD4 ؉ CCR5 ؉ T cells. Pathogenic SIV infection of Indian RMs is associated with a rapid decline of circulating as well as mucosal CD4
ϩ CCR5 ϩ T cells that is thought to be a key factor in the progression to simian AIDS (23, 24, 36, 51, 52) . As shown in Fig. 3A for a representative animal, the vast majority of circulating CD4 ϩ T cells in uninfected Chinese RMs expressed CXCR4, while a much smaller proportion of CD4 ϩ T cells expressed CCR5 (29) .
We next assessed, in our group of SIV-infected Chinese RMs, the dynamics of CD4 ϩ CCR5 ϩ and CD4 ϩ CXCR4 ϩ T cells on circulating as well as lymph-node-derived CD4 ϩ T cells. The proportion of CD4 ϩ T cells in the blood and lymph nodes expressing CXCR4 showed only minimal changes during primary infection (data not shown). As expected, however, we observed that SIVmac251 infection induced significant changes in the relative proportion of CD4 ϩ CCR5 ϩ T cells in both peripheral blood and lymph nodes (Fig. 3B) . Interestingly, we found a transient decline of CD4 ϩ CCR5 ϩ T cells at the peak of viral replication. In contrast to previous observations of SIV-infected Indian RMs (23, 24, 36) , we found that by day 60 postinfection the relative proportion of CD4 ϩ CCR5 ϩ T cells in both peripheral blood and lymph nodes was significantly higher than the preinfection levels in NPs (20.9% Ϯ 5.7% [P ϭ 0.0004] and 13.6% Ϯ 3.1% [P ϭ 0.001] compared to levels from day 0 for blood and lymph nodes, respectively) (Fig. 3B) . Similarly, during the chronic phase, the percentage of CD4 ϩ CCR5 ϩ T cells in peripheral blood remained higher in NPs than in SPs. To better characterize the phenotype of CD4 ϩ CCR5 ϩ T cells in our group of Chinese RMs, we next assessed changes of CCR5 expression on CD4 CD45RA ϩ (i.e., largely naïve) and CD4 ϩ CD45RA Ϫ (i.e., central and effector memory) T cells following SIVmac251 infection. As shown in Fig. 3C for a representative animal, we found that the majority of CD4 ϩ CCR5 ϩ T cells belong to the CD45RA Ϫ population both at baseline and at day 60 postinfection. Importantly, the frequency of CCR5-expressing central/effector memory (i.e., CD45RA
ϩ T cells at day 60 postinfection was significantly higher in NPs than in SPs (Fig. 3D) .
Collectively, these data indicate that the fraction of CD4 ϩ CCR5 ϩ T cells and, more specifically, the fraction of CD45RA Ϫ CCR5 ϩ central/effector memory CD4 ϩ T cells in peripheral blood are significantly higher in SIVmac251-infected Chinese RMs that exhibit faster disease progression. As such, our current findings identify a specific feature of the dynamics of CD4 ϩ
CCR5
ϩ T cells in Chinese RMs, in which progression is closely associated with a CD4 ϩ CCR5 ϩ T-cell increase in the periphery. This is in contrast to the observation that, in SIV-infected Indian RMs, disease progression is associated with the depletion of circulating CD4 ϩ CCR5 ϩ T cells (23, 24, 36, 51, 52) . The early and persistent depletion of mucosal CD4 ϩ T cells currently is considered a major determining factor in the pathogenesis of SIV infection in Indian RMs (23, 36, 49) . To define the impact of SIV infection on mucosal CD4 ϩ T cells in Chinese RMs, we examined the expression of CD4 and CCR5 as well as the level of productively infected cells (SIV RNA the time of death (Fig. 4) . This analysis includes an RM (no. 272) with rapid progression towards AIDS that was sacrificed after 6 months due to a wasting syndrome. As shown in Fig. 4 , we found that SIV RNA ϩ cells are present at high levels within the ileum and the colon of macaque 272, concomitant with a marked depletion of CD4 ϩ and CCR5 ϩ cells in the lamina propria. In contrast, fewer SIV RNA ϩ cells were detected in the two other studied RMs. Interestingly, the depletion of CD4 ϩ T cells from the lamina propria of SIV-infected Chinese RMs was associated with a relative preservation of the cells in the organized lymphoid aggregates of the inductive mucosal immune system (Peyer's patches and lymphoid follicles). In SP Chinese RMs, the level of CCR5 ϩ cells in the lamina propria was lower than that in uninfected animals but was higher than that in NPs. In all, these results suggest a better recovery of CD4 ϩ and CCR5 ϩ cells in SP SIV-infected Chinese RMs than in NPs.
Dynamics of cycling CD4
؉ T cells during primary SIVmac251 infection of Chinese RMs. As we found that SIVmac251 infection of Chinese RMs is associated with significant changes in the proportion of CD4 ϩ CCR5 ϩ T cells, we reasoned that these changes might reflect the prevailing level of immune activation. To directly investigate the changes in T-cell activation occurring in our group of SIVmac251-infected Chinese RMs, we longitudinally evaluated the fraction of cycling CD4 ϩ T cells by monitoring the expression of Ki67, a nuclear antigen expressed in the G 1 , S, G 2 , and M phases, but not in the G 0 phase, of the cell cycle (28) .
As shown in Fig. 5 , we found that the percentage of circulating CD4 ϩ Ki67 ϩ T cells decreased slightly but transiently during the acute phase (3.05% Ϯ 1.51% on day 7 and 3.51% Ϯ 2.04% on day 14 versus 5.38% Ϯ 1.64% before infection; P ϭ 0.007 and P ϭ 0.015, respectively). This was followed by a rebound on days 21 and 28, achieving up to twofold higher levels than those observed before infection. Interestingly, no statistically significant differences were observed between NPs and SPs in terms of Ki67 expression in the blood (Fig. 5) . In the lymph nodes, the percentage of CD4 ϩ Ki67 ϩ T cells increased by day 14 (4.67% Ϯ 2.48% versus 2.07% Ϯ 0.93 before infection; P ϭ 0.002) in both NPs and SPs (Fig. 5) . By the end of the acute phase, i.e., at day 60, the increase in the fraction of CD4 ϩ
Ki67
ϩ T cells was significantly higher in NPs than in SPs (8.54% Ϯ 4.0% and 3.19% Ϯ 1.97%, respectively; P ϭ 0.02) (Fig. 5) . Consistent with previous findings (28) , this increase was higher in peripheral blood of chronically SIV-infected Chinese RMs that progress more rapidly to AIDS. Collectively, these data suggest that SIV infection of Chinese RMs is associated with a significant increase in the level of T-cell activation in both peripheral blood and lymph nodes, thus confirming the results of previous studies indicating an increase in CD4 ϩ T-cell turnover during pathogenic SIV infection (26, 28, 44) .
The level of SIV replication during the set-point phase correlates directly with the fraction of CD4 ؉ CCR5 ؉ T cells. In the next set of experiments, we sought to define the relationship between virus replication and dynamics of the CD4 ϩ
CCR5
ϩ T-cell subset in our group of SIVmac251-infected Chinese RMs. To generate a more complete set of data regarding SIV replication in these animals, we first assessed proviral DNA in lymph-node-derived CD4 ϩ T cells at the time of peak of virus replication and then at day 60 postinfection. Consistent with our previous observations (27), we found that 2% Ϯ 1.5% of sorted lymph-node-derived CD4 ϩ T cells from SIV-infected macaques contained proviral DNA, with the frequency of SIV ϩ DNA peaking at day 14 after infection and then declining thereafter (data not shown). The frequency of proviral DNA in sorted CD4 ϩ CCR5 ϩ T cells was 0.8% Ϯ 1.2%. As shown in Fig. 6 , we next investigated the relationship between SIV replication and changes in the level of circulating CD4 ϩ CCR5 ϩ T cells. We first observed that the level of virus replication during the acute phase of infection (i.e., day 14) was not correlated with changes in the level of CD4 ϩ CCR5 ϩ T cells, suggesting that direct virus killing (lysis of infected cells [35] ) alone is unlikely to be the main driving force that determines the size of the circulating CD4 ϩ CCR5 ϩ T-cell pool during acute SIVmac251 infection of Chinese RMs. Interestingly, a significant direct correlation emerged by day 60 in both blood and lymph nodes between virus replication and the level of CD4 ϩ CCR5 ϩ T cells (R 2 ϭ 0.69 with P ϭ 0.02 and R 2 ϭ 0.739 with P ϭ 0.01 in blood and lymph nodes, respectively) (Fig. 6) .
Importantly, these data indicate that SIVmac251-infected RMs that show signs of rapid disease progression (assessed as high levels of virus replication) experience an increase in the level of circulating and lymph-node-derived CD4 ϩ CCR5 ϩ T cells. These findings highlight an important difference between Chinese and Indian RMs in how SIV infection affects the pool of CD4 ϩ CCR5 ϩ T cells (23, 24, 36) .
DISCUSSION
Experimental SIV infection of RMs usually is conducted in animals of Indian origin, and for many years this has been the most widely used model to study AIDS pathogenesis and vaccines in vivo. However, there are a number of significant differences between this infection and HIV infection of humans. Among these differences, the most important are (i) a much shorter average time for progression to AIDS in SIVmacinfected RMs than in HIV-infected humans and (ii) the fact that peripheral blood CD4 ϩ T-cell counts are not good predictors of progression to AIDS (20) . Instead, in SIV-infected Indian RMs, the decline of memory CD4 ϩ CCR5 ϩ T cells appears to be the best predictor of disease progression (23) . It should be noted that the latter finding is in obvious contrast to the observation that the proportion of CD4 ϩ CCR5 ϩ T cells is increased in the blood in HIV-infected individuals and that, in fact, the magnitude of this increase of CD4 ϩ CCR5 ϩ T cells is a marker of disease progression (7, 30, 39) . As such, these differences highlight the limitations of the SIVmac model of infection of Indian RMs as truly representative of the immunopathogenic events taking place during HIV infection of humans.
In this report, we focused our attention on SIVmac251 infection of RMs of Chinese origin. In previous studies, it was shown that Chinese RMs experience a slower disease progression than Indian RMs (20, 37) . Intriguingly, we have shown previously (1, 28, 29, 53 ) that, in SIV-infected Chinese RMs, the levels of immune activation and apoptosis are clear markers of disease progression, thus identifying a striking similarity to disease progression for HIV-infected humans, in whom the level of immune activation and death are better predictors of progression to AIDS than is viral load (6, 9, 10, 16 ). In the current study, we investigated for the first time the SIV-associated dynamics of CD4 ϩ CCR5 ϩ T cells in a group of 10 SIVmac251-infected Chinese RMs that, based on their outcome of infection, were divided into two groups of five NPs and five SPs. As expected, we observed a transient decline of circulating CD4 ϩ CCR5 ϩ T cells at the time of peak viremia that then was followed by a relative increase in the fraction of CD4 ϩ CCR5 ϩ T cells during the chronic phase. The most interesting part of this study, at least in our opinion, is that, in this group of SIVmac251-infected Chinese RMs, this relative expansion of the CD4 ϩ CCR5 ϩ T cells was correlated with all markers of active disease progression, including (i) higher virus replication, measured both as plasma viremia and cell-associated SIV in blood-or lymph-node-derived CD4 ϩ T cells; (ii) overall loss of CD4 ϩ T-cell function, measured by lower CD4 ϩ T-cell counts, a relative decline of memory cells, and the failure to mount a recall response to PPD; and (iii) time to develop AIDS and overall survival. Taken together, these data identify a remarkable difference between Indian and Chinese RMs after SIVmac infection, with disease progression being associated with the rapid and progressive loss of CD4 ϩ CCR5 ϩ T cells in Indian RMs and, conversely, with a relative expansion of the levels of these cells during the chronic phase in SIV-infected Chinese RMs. To fully appreciate this striking difference between Indian and Chinese RMs with respect to how SIV infection affects the dynamics of CD4 ϩ CCR5 ϩ T cells, it should be remembered that there are two main driving forces determining the size of CD4 ϩ CCR5 ϩ T-cell pools during SIV infection. The first force is the direct impact of virus replication, which targets memory/activated CD4 ϩ CCR5 ϩ T cells as they express the main coreceptor for SIV entry and display an activated metabolic state that supports virus production. The net effect of virus replication on the size of the CD4 ϩ CCR5 ϩ T-cell pool is towards a rapid depletion of these cells, as elegantly shown in a series of seminal studies (23, 36, 51) . The second force that determines the size of the CD4 ϩ CCR5 ϩ T-cell pool during a FIG. 6 . Correlation between chemokine receptor expression and the extent of viral replication. We plotted changes in CCR5 between days 14 and 0 and between days 60 and 0 of SPs (F) and NPs (E) against plasma viral loads (log 10 copies/milliliter) and productively infected cells (SIV RNA ϩ cells/2 mm 2 ) on days 14 and 60. Spearman's rank correlation coefficients were calculated to evaluate correlations. retroviral infection is the prevailing level of immune activation, which promotes the expression of CCR5 on CD4 ϩ T cells that previously had low levels of CCR5 (2, 22) . As such, the net effect of the immune activation is to induce a relative expansion of the pool of CD4 ϩ CCR5 ϩ T cells, at least when these cells are enumerated as a fraction of the total CD4 ϩ T-cell pool. Based on these considerations, it appears that the dynamics of the CD4 ϩ CCR5 ϩ T-cell subsets are profoundly different during SIVmac infection of Indian and Chinese RMs in the periphery. In Indian RMs, the drastic decline of the pool of CD4 ϩ CCR5 ϩ T cells is a key determinant of progression to AIDS during both acute and chronic infection, thus strongly suggesting that, in this animal model, the direct effect (i.e., death of productively infected cells) of virus replication (23) is the main determinant of the immune dysfunction that underlies the progression to AIDS and death. In contrast, Chinese RMs, which progress more slowly to AIDS, experience a relative expansion of the CD4 ϩ CCR5 ϩ T-cell pool, the extent of which clearly is associated with all markers of disease progression, thus indicating that the effect of immune activation (rather than the direct consequences of cell lysis mediated by productive infection [35] ) is a key determinant in the immunological changes associated with progression to AIDS in these animals. This conclusion is consistent with the observation that, in SIV-infected Chinese RMs, the frequency of SIV DNA ϩ CD4 ϩ CCR5 ϩ T cells is relatively low throughout the study period. In addition, our data support the model proposed by Li et al. (18) , in which the majority of SIV-associated CD4 ϩ T-cell depletion is induced by indirect mechanisms such as the CD95-dependent apoptosis of uninfected cells. As the relative size of the pool of circulating CD4 ϩ CCR5 ϩ T cells (measured as a percentage of the total number of CD4 ϩ T cells) also increases during HIV infection coincident with disease progression (7, 30, 39, 40) , our current data identify an important similarity in the immunopathogenic events underlying disease progression in SIVmac-infected Chinese RMs and HIV-infected humans. At least in this regard, it is clear that SIVmac infection of Chinese RMs is a better model than SIVmac infection of Indian RMs.
When we examined mucosal tissues in our cohort of SIVinfected Chinese RMs, we found that CD4 ϩ and CCR5 ϩ cells are detectable both in lymphoid aggregates (i.e., Peyer's patches and isolates lymphoid follicles) and, to a lesser extent, in the lamina propria as well, with SPs showing a higher frequency of CD4 ϩ and CCR5 ϩ cells than NPs. This finding is somewhat in contrast with the previous observation that, in SIV-infected Indian RMs, progression to AIDS is closely associated with a rapid, dramatic, and persistent depletion of CD4 ϩ CCR5 ϩ T cells from mucosal sites (23, 51) . In addition, our data are in agreement with a previous observation that in SIV-infected Chinese RMs, a progressive reconstitution of the pool of CD4 ϩ CCR5 ϩ T cells is observed in animals that do not progress to AIDS (20) . In all, our comparative analysis of the pools of CD4 ϩ CCR5 ϩ T cells in blood, lymph nodes, and mucosal tissues indicates that, in SIV-infected Chinese RMs, the observed changes in this cell subset reflect a complex dynamic influenced by various factors, such as virus replication, immune activation, redistribution among anatomic compartments, and de novo production of CD4 ϩ T cells. Ultimately, however, the observation of a relative expansion of memory
CD4
ϩ CCR5 ϩ T cells in SIV-infected Chinese RMs indicates that the impact of immune activation and increased T-cell turnover outweighs the effect of the virus in determining the relative size of this cell subset. This conclusion is not entirely unexpected if one considers that virus replication in SIV-infected Chinese RMs is at a significantly lower level than that in Indian RMs.
The striking difference in the SIV-induced dynamics of CD4 ϩ CCR5 ϩ T cells between Indian and Chinese RMs likely is caused by genetic differences between these two types of animals. Genetic factors that may determine this divergent course of disease include different regulation of CCR5 expression, the presence of cellular molecules that restrict the level of SIV replication, the type and magnitude of SIV-specific immune responses, and the mechanisms by which the CD4 ϩ T-cell homeostasis is maintained at the level of bone marrow, thymus, and lymph nodes. Interestingly, Picker et al. (36) have reported a level of CCR5-expressing CD4 ϩ T cells of 21.8% Ϯ 7.7% in healthy RMs of Indian origin, which is higher than the percentage of CCR5-expressing CD4
ϩ T cells that we found in uninfected Chinese RMs (6.7% Ϯ 4.6%). This higher level of baseline CCR5 expression in CD4 ϩ T cells of Indian RMs might be a key reason underlying the greater susceptibility to SIV infection of these animals. This possibility also is consistent with the recent finding that CCR5 expression typically is low on CD4 ϩ T cells of natural SIV hosts, such as sooty mangabeys and African green monkeys, for which the infection usually is nonpathogenic (32) . As the level of SIV replication actually is fairly high (average set point of Ͼ10
5 copies/ml) in natural SIV hosts, we and others have proposed that the low levels of CCR5 expression of CD4 ϩ T cells of these animals protect from disease progression not only by decreasing the number of available target cells but also by reducing the level of immune activation (15, 32) .
The transient depletion of peripheral CD4 ϩ CCR5 ϩ T cells observed in our group of Chinese RMs at the time of peak viremia could be explained in several ways. A first possibility is that primary SIV infection induces chemokine receptor internalization, thus leading to an apparent decrease in the number of CD4 ϩ T cells expressing CCR5. However, intracellular staining of permeabilized cells showed no significant differences in the amount of CCR5 expressed on CD4 ϩ T cells between days 0, 7, and 14 (data not shown). A second possibility is that the acute SIV infection phase is associated with changes in the homing properties of CD4 ϩ CCR5 ϩ , resulting in more rapid migration from blood and lymph nodes to effector mucosal sites. While we cannot formally rule out these two possibilities, we favor the hypothesis that the early but transient decline of the fraction of circulating CD4 ϩ CCR5 ϩ T cells simply reflects the direct effect of virus replication at a time when the immune activation associated with chronic infection has not yet developed.
Intriguingly, our study also shows that, in SIV-infected Chinese RMs, the selective loss of both central and effector memory CD4 ϩ T cells, the next question is the following: What are the cellular and molecular mechanisms linking the SIVassociated immune activation to the progressive attrition of the memory CD4 ϩ T-cell pool? These mechanisms may include the collateral cell damage induced by the interaction of the viral envelope glycoprotein (gp120) with the CD4 molecule in uninfected cells (15) involving alternative coreceptors (50, 53) as well as the draining of the pool of memory CD4 ϩ T cells through continuous recruitment of these cells into a pool of short-lived effector cells (14, 45) .
In summary, the current findings indicate that, in SIVmac251-infected Chinese RMs, the set-point phase of infection is associated with a relative expansion of the circulating pool of CD4 ϩ
CCR5
ϩ T cells, the extent of which correlates with all markers of SIV disease progression. These findings identify a key difference in the immunopathogenesis of infection between Chinese and Indian RMs, for which disease is closely associated with rapid and progressive depletion of CD4 ϩ CCR5 ϩ T cells (23, 24, 36) . As progression of HIV infection in humans also is associated with a relative expansion of CD4 ϩ CCR5 ϩ T cells, we propose that SIV infection of Chinese RMs is a better model than the commonly used SIV infection of Indian RMs in reproducing the immunopathogenic events occurring during HIV infection of humans.
